ABSTRACT From 1998From to 2003 hunter-killed deer in northern and central Illinois were examined for ticks; 4,066 blacklegged ticks, Ixodes scapularis Say, and 6,530 winter ticks, Dermacentor albipictus (Packard) (Acari: Ixodidae), were collected. I. scapularis was the predominant tick species in the northern portion of the study area, with a decreasing north-to-south prevalence gradient. In contrast, D. albipictus was more common in the south with a decreasing south-to-north prevalence gradient. Compared with previous studies, the geographic range for both species expanded into the central portion of the Illinois River. Prevalence and intensity of both tick species were greater on bucks, and infested bucks were geographically more widespread than infested does and fawns. These Þndings indicate that blacklegged tick and winter tick distributions remain dynamic in the north central United States
Paskewitz 1996), and Minnesota (Drew et al. 1988, Weisbrod and Johnson 1989) . I. scapularis was discovered in the late 1980s in northern Illinois (Bouseman et al. 1990) , and new foci were detected during the 1990s as the geographic distribution of the blacklegged tick expanded in the northern portion of the state (Guerra 2000 . Usually, foci have been found associated with forested riparian corridors (Bouseman et al. 1990 , Kitron et al. 1991 .
Here, we summarize hunter-killed deer infestation data collected between 1998 and 2003 from the Rock and Illinois rivers. Examining hunter-killed deer is an efÞcient and relatively inexpensive way of assessing tick distribution over large areas (French et al. 1992 , Rand et al. 2003 and of examining geographic range expansion over time (Rand et al. 2003) . Our study focused on the Illinois River because I. scapularis foci were found on the northern part of the river by 1998 (Kankakee, Will, and La Salle counties), and an I. scapularis habitat suitability model predicted that suitable forested habitat was present along the entire length of the river. Forests are relatively continuous along the Ϸ450-km length of the river, providing a corridor for animal dispersal and migration, and possibly a conduit for the spread of blacklegged ticks.
Our objectives were to describe the geographic distribution of adult I. scapularis and D. albipictus on white-tailed deer, and, for I. scapularis, to compare our Þndings to surveys that were conducted in the late 1980s (Bouseman et al. 1990 ).
Materials and Methods
Study Area. The study was conducted in northern and central Illinois from 1998 to 2003 (Fig. 1) . Most of the state is intensively farmed for corn, Zea mays L., and soybean, Glycine max (L.) Merr., production, creating extreme annual vegetative variation in the landscape. After the fall harvest, areas of high biomass and shaded cover for white-tailed deer are drastically transformed into fallow Þelds with no refugia. Another result of the intense agricultural pressure has been the development of forests that are either small, patchy woodlots or greenbelts associated with rivers, creeks, or drainage canals.
County Deer Check Stations. We visited check stations on the Þrst weekend of the Þrearm hunting season, usually the third weekend in November (20 Ð21 November 1998; 19 Ð20 November 1999; 17Ð18 November 2000; 16 Ð17 November 2001; 22Ð23 November 2002; and 21Ð22 November 2003) . During this period, adult I. scapularis are actively host seeking (Bouseman et al. 1990 ), but it is unknown whether the season coincides with peak adult I. scapularis activity. In Illinois, hunters are required to bring harvested deer to any county check station on the day the deer was killed. In total, 20 county check stations were visited, and we examined deer from 37 counties. The Ogle County station (in Castle Rock State Park, the Þrst described tick focus in Illinois (Bouseman et al. 1990 , Kitron et al. 1991 gan, Scott, Pike, and Calhoun) were located near the Illinois River, and although several of these stations were revisited during the study, due to occasional staff shortages we were not able to visit all stations every year.
Hunter Survey and Tick Collections. Hunters were asked when they shot their deer and whether they could approximate on a 1:150,000 scale street and topography map where the deer was harvested. Information on deer age and sex was collected and recorded. We used a deer examination technique similar to that described by Gill et al. (1993) . Because the head and neck are the primary sites of tick adult tick attachment (Watson and Anderson 1976) , deer were inspected from the top of the head, just rostral to the ear, posteriorly to the scapula, and from the ventral midline to the dorsal midline of the neck. Only one side of the neck was inspected. Although this technique probably decreased accuracy and sensitivity, we used this method for two reasons. First, deer inspection was carried out after the required check-in procedure, and hunters were generally anxious to leave. By prioritizing the head and neck, we kept our examination time brief. Second, we standardized the examination to reduce examiner bias and to allow spatial and temporal infestation comparisons. We set a goal of examining at least 50 deer per county check station (100, if possible), but we were not always able to reach the goal in all counties. Ticks were collected and placed live in a vial containing a slightly moistened cotton ball and kept at 4ЊC until further analysis. In the laboratory, ticks were identiÞed to species, sex, and stage of development, and the data were recorded for each deer.
Spatial Analysis. County line maps (ISGS 1998 ) and land cover maps (Luman et al. 1996) were acquired from the Illinois Natural Resources Geospatial Data Clearinghouse. Map locations indicating where deer were shot were digitized into a geographic information system (ArcMap, ESRI, Redlands, CA) by using a street overlay for the state of Illinois (IDNR 1994) . The data were projected in Universal Transverse Mercator Zone 16 N. Deer attribute data were entered into Microsoft Excel (Microsoft, Redmond, WA) and then joined with the location data in ArcMap.
Data Analysis. Deer data were grouped by harvest counties and by year. Prevalence (proportion of infested deer) and intensity (number of ticks per infested deer) were calculated for I. scapularis, D. albipictus, and coinfestation with both tick species. I. scapularis density (number of ticks per deer) by sex and the average proportion of male ticks among I. scapularis infested deer were calculated.
KruskalÐWallis (KW) H test (SPSS Inc. 2004) , the nonparametric analog of one-way analysis of variance (ANOVA) was used to examine for differences in I. scapularis and D. albipictus prevalence and intensity. Nonparametric analyses contrasting infestation measures between bucks and other deer used MannÐWhit-ney U-test (MW) (SPSS Inc. 2004) . Multiple comparison testing of proportions using a procedure based on a modiÞed DunnettÕs test (Zar 1999 ) was used to contrast Ogle County I. scapularis prevalence to other county prevalence measures. Linear trends in prevalence were analyzed using the Armitage method for linear trends among proportions (Zar 1999) .
The expected proportion of deer coinfested by I. scapularis and D. albipictus was derived from the product of both prevalence measures (French et al. 1992) . The binomial test (SPSS Inc. 2004 ) was used to compare the overall expected and observed prevalences, and the Wilcoxon signed rank (WSR) test (SPSS Inc. 2004 ) was used to compare annual observed prevalence to the expected measure between bucks and does and fawns. The WSR test was also used to compare I. scapularis intensity to D. albipictus intensity and to compare male I. scapularis density to female I. scapularis density.
Because of small sample size random effects, we used a conservative approach whereby annual comparative analyses between harvest counties were only conducted for counties where 30 or more deer were examined.
Results
Deer. From 1998 to 2003, we inspected 4,935 hunter-killed deer in the study area. Deer sex was recorded for 3,805 deer, and a 2:1 ratio of males to females (2,545 males to 1,260 females) was observed. Deer age was recorded for 4,659 deer, of which 3,958 were adults compared with 701 fawns. Both age and sex of 3,701 deer were recorded during the study. The proportion of fawns within each sex was comparable; 15.8% of females and 14.8% of males. Within each age group, the proportion of males was similar: 66.9% of adults and 65.2% of fawns.
Tick Infestation. We identiÞed 4,066 I. scapularis adults and 6,530 D. albipictus larvae, nymphs, and adults. More than 35% of deer were infested with at least one tick; 17.1% with I. scapularis, 23.0% with D. albipictus, and 4.5% simultaneously by both tick species, slightly yet signiÞcantly greater than the expected coinfestation prevalence of 3.9% (binomial test: observed proportion, 0.955; test proportion, 0.961; P Ͻ 0.05). I. scapularis intensity was slightly less but not signiÞcantly different from D. albipictus intensity; 5.0 I. scapularis per infested deer compared with 5.8 D. albipictus per infested deer (WSR: Z ϭ Ϫ0.930, P ϭ 0.1).
In the northern portion of the study area, I. scapularis was the predominant tick found on deer (Fig. 2) . Of the 909 ticks collected in Ogle, all but two were identiÞed as I. scapularis. Similar Þndings were observed in Lee, Will, Kankakee, Grundy, and La Salle counties, where 741 of 746 ticks were I. scapularis (Fig. 2) . Correspondingly, a north-to-south gradient was observed for I. scapularis prevalence, with the highest values in the northern part of the study area and the lowest in the southern portion (Fig. 3A) .
Annual I. scapularis prevalence varied signiÞcantly among counties every year of the study (KW 1998 [DMCP] , 1998: Kankakee, q ϭ 3.41, P Յ 0.05; Will, q ϭ 2.75, P Յ 0.05; Grundy, q ϭ 3.27, P Յ 0.05; La Salle, q ϭ 4.84, P Յ 0.05; and 1999: Kankakee, q ϭ 3.18, P Յ 0.05; Will, q ϭ 1.41, P Ͼ 0.05; Putnam, q ϭ 2.62, P Յ 0.05; Marshall, q ϭ 5.22, P Յ 0.05; Peoria, q ϭ 4.11, P Յ 0.05), but in the Þnal 2 yr of the study, the proportion of infested deer in northern and central Illinois River counties was not signiÞcantly different from that in Ogle (DMCP, 2002: Grundy, q ϭ Ϫ1.73, P Ͼ 0.05; La Salle, q ϭ 0.162, P Ͼ 0.05; Bureau, q ϭ 0.296, P Ͼ 0.05; Putnam, q ϭ Ϫ1.28, P Ͼ 0.05; Marshall, q ϭ Ϫ0.013, P Ͼ 0.05; Peoria, q ϭ Ϫ2.32, P Ͼ 0.05; Tazewell, q ϭ 1.64, P Ͼ 0.05; Woodford, q ϭ Ϫ0.144, p Ͼ 0.05; Fulton, q ϭ Ϫ0.190, P Ͼ 0.05; Schuyler, q ϭ 2.58, p Ͼ 0.05; Cass, q ϭ 3.42, P Յ 0.05; Brown, q ϭ 4.99, P Յ 0.05; and 2003: La Salle, q ϭ 1.64, P Ͼ 0.05; Putnam, q ϭ Ϫ1.96, P Ͼ 0.05; Peoria, q ϭ Ϫ0.041, P Ͼ 0.05; Fulton, q ϭ Ϫ0.150, P Ͼ 0.05; Schuyler, q ϭ 3.00, P Յ 0.05; Cass, q ϭ 6.12, P Յ 0.05; Brown, q ϭ 5.86, P Յ 0.05; Morgan, q ϭ 5.58, P Յ 0.05; Scott, q ϭ 5.33, P Յ 0.05; Pike, q ϭ 6.23, P Յ 0.05).
Annual intensity demonstrated signiÞcant variation in Bureau (KW: 2 ϭ 7.8, P Յ 0.05), Peoria (KW: 2 ϭ 13.1, P Յ 0.05), and Fulton (KW: 2 ϭ 7.7, P Յ 0.05). Peak intensity levels occurred in the Þrst two counties in 2001, but intensity in Fulton County peaked in 2003 (Fig. 4A) 2 ϭ 8.03, P Ͻ 0.05; 2 for linear trend ϭ 7. 8, P Ͻ 0.01; and 2 for departure from linear trend ϭ 0.21, P Ͼ 0.5).
Almost one-quarter of bucks were infested with I. scapularis, signiÞcantly greater than the 7% infestation rate observed for does and fawns (MW: Z ϭ 13.7, P Յ 0.05). Intensity and prevalence were greater for bucks in most counties where I. scapularis-infested deer were found, and in several cases, signiÞcant annual and overall differences were observed (MW: Bucks versus does and fawns: all years combined: prevalence: Ogle Z ϭ 4.33, Grundy Z ϭ 1.99, La Salle Z ϭ 2.60, Bureau Z ϭ 6.306, Putnam Z ϭ 6.75, Marshall Z ϭ 4.92, Peoria Z ϭ 6.53, Woodford Z ϭ 2.38, Tazewell Z ϭ 2.58, and Fulton Z ϭ 5.24; P Յ 0.05; and intensity: Ogle Z ϭ 3.40, La Salle Z ϭ 2.35, and Putnam Z ϭ 3.95, Peoria Z ϭ 3.29, Fulton Z ϭ 2.25; P Յ 0.05). In addition, compared with infested does and fawns, I. scapularisinfested bucks were found further south. I. scapularis sex was determined for 3,979 I. scapularis, of which 2,434 were males resulting in a maleto-female sex ratio of 1.6:1. We determined the sex of 2,595 ticks collected from bucks and 256 from does and fawns. Male I. scapularis density was signiÞcantly greater than female I. scapularis density (3.6 male I. scapularis versus 2.0 female I. scapularis) on infested bucks (WSR: Z ϭ 11.9, P Յ 0.05), but no signiÞcant difference was observed for infested does and fawns (1.2 males versus 1.3 females; WSR: Z ϭ 1.01, P Ͼ 0.05). Male I. scapularis proportion, male I. scapularis density, and female I. scapularis density were all signiÞ-cantly greater for bucks (MW: Z ϭ 4.45, Z ϭ 14.9, Z ϭ 11.7; P Յ 0.05).
As with I. scapularis, a geographic gradient was observed for D. albipictus numbers and prevalence; however, the direction of the gradient was opposite to that observed for I. scapularis (Figs. 2, 3B 2 ϭ 47.0, P Ͻ 0.001; 2 for linear trend ϭ 45.6, P Ͻ 0.001; and 2 for departure from linear trend ϭ 1.42, P Ͼ 0.5). Annual county intensities were generally greater in the lower portion of the river (Fig. 4B) , and overall D. albipictus intensity was highest in Schuyler, Calhoun, and Pike counties.
As was observed with I. scapularis infestation, D. albipictus prevalence and intensity were signiÞcantly higher for bucks. Prevalence was 39.3% for bucks and 9.3% for does and fawns (MW: Z ϭ 20.7, P Յ 0.05), whereas intensity was 6.8 for bucks and 2.2 for does and fawns (MW: Z ϭ 11.3, P Յ 0.05). Moreover, in the northern counties where only a few D. albipictus were found during the course of the study, they were found exclusively on bucks.
Coinfestation prevalence was usually greater than expected where both species were found, although signiÞcance was more likely in the central portion of the study area (Table 1) . Buck coinfestation was the basis for these Þndings, because bucks were signiÞ-cantly more likely to be coinfested (8.3% compared with 0.6% for does and fawns; MW: Z ϭ 10.2, P Յ 0.05).
Discussion
In 1986, an epizootic of bovine anaplasmosis (A. caudatum) occurred in an Adams County ranch, likely due to the introduction of infected cattle from Fulton County (Smith et al. 1989) . D. albipictus was excluded as a vector, because it had not been found in the areas where the outbreak either originated or occurred, although foci were known in southern Illinois (Smith et al. 1989) . The next year, I. scapularis-infested deer were Þrst found in northwestern Illinois (Jo Daviess County), and no infested deer were reported from three counties near the Illinois River (Kankakee, Livingston, and Schuyler). A broader survey in 1988 yielded 27.1 and 37.5% prevalence in Ogle and Rock Island counties, respectively. Near the Illinois River, a single deer of 53 was infested in Knox County, and one I. scapularis was recovered from one of eight deer examined in Putnam County (Bouseman et al. 1990 ). Deer inspections in other Illinois River counties yielded no I. scapularis (Will, Kendall, Grundy, La Salle, Marshall, Woodford, Tazewell, Mason, Schuyler, Cass, Adams, and Pike) (Bouseman et al. 1990) .
Our results are consistent with the historical geographical pattern of both speciesÑ deer infestation was greatest with I. scapularis in the north and with D. albipictus in the south. Both speciesÕ geographic ranges expanded and overlapped along the Illinois River; Ixodes scapularis-infested deer were found in all but two of the 1988 deer survey counties (Adams and Pike), and winter ticks were discovered in counties near the 1986 epizootic (Fulton, McDonough, Adams, Schuyler, and Brown). Furthermore, annual I. scapularis prevalence in several Illinois River counties was signiÞcantly higher than in Ogle County, which historically has had the highest I. scapularis tick activity in the state.
Compared with several sites in Wisconsin (French 1995, Riehle and Paskewitz 1996) and Minnesota (Gill et al. 1993) , I. scapularis prevalence and intensity were lower in our study area. A possible explanation may lie in the quality and availability of tick habitat in the area. An I. scapularis habitat suitability model developed using Wisconsin and northern Illinois tick, vegetation, and environmental data demonstrated that I. scapularis presence was more probable in areas with deciduous forests, fertile soils (e.g., Another possibility for the low infestation numbers may be that the deer surveys occurred after peak autumnal I. scapularis activity, as suggested by the male-to-female tick ratio. Because female ticks drop off after mating and feeding, but male ticks remain on the host for further copulations (Oliver 1989 , Yuval et al. 1990 , as the number of questing adults decreases, the ratio of males to females on the host increases (Main et al. 1981) . Our ratio of 1.6 males to one female tick was similar to that reported by Yuval and Spielman (1990) (1.7M:1F) and by Kitron et al. (1991) (1.6M: 1F), and the actual ratio was likely greater because male ticks are more easily overlooked than females. Finally, because our examinations were limited, prevalence and intensity were underestimated.
A consequence of low I. scapularis intensities is that signiÞcant variation among and within counties was not readily observed. However, intensity varied signiÞcantly across the study area in 2001, when temperatures were remarkably warmer than normal (record warmest November in Illinois; average November temperature across the study area was 5ЊC above normal NCDC 2002a,b). Intensity was also signiÞcantly higher in 2001 for Peoria and Bureau counties. Warmer temperatures may have increased questing tick activity and deerÐtick encounters (Daniels et al. 1989 , Mount et al. 1997 , resulting in higher and more variable intensities. In Fulton County, annual intensity was signiÞcantly greater in 2003, and a signiÞcant increasing linear trend in annual prevalence was observed. Although average temperature in the study area was slightly higher than normal in November 2003 (NCDC 2003 , these data suggest that I. scapularis population in Fulton increased during the course of the study.
The observation that bucks were signiÞcantly more infested by both tick species was in agreement with previous studies (Main et al. 1981 , French et al. 1992 , Kitron et al. 1992 , Amerasinghe et al. 1993 , Kollars et al. 1997 ). In addition, infested bucks were more widespread across the study area. At the margins of their distributions, I. scapularis and D. albipictus were recovered exclusively from bucks. It has been postulated that bucks are more heavily infested during the breeding season because they are more mobile within their home ranges, compared with does and fawns, thereby increasing their likelihood of acquiring ticks (Main et al. 1981) . Another possibility may be sex-based differences in grooming behaviors, because males of several ungulate species denote less time to self-grooming during the breeding season, resulting in higher tick densities (Hart and Hart 1992 , Mooring and Hart 1995 , Mooring et al. 1996 . Regardless of the reason for their greater infestation, bucks may be sensitive indicators of low-density tick populations and important longdistance dispersal hosts.
Based on previous investigations and our current Þndings, we speculate that the primary source of blacklegged ticks was the Rock River corridor and ultimately, Wisconsin. Southerly expansion of the geographic distribution, compared with easterly establishment, was more efÞcient in Wisconsin (Riehle and Paskewitz 1996) , and in Illinois where the tick was Þrst found in northwestern and north central counties (Bouseman et al. 1990 ). Ticks in the extreme northeastern portion of the Illinois River may have originated from a focus in northwestern Indiana (Pinger and Glancy 1989) , but infested deer were Þrst demonstrated on the Illinois River in Putnam County (Bouseman et al. 1990) , the closest point between the Illinois and Rock rivers (Fig. 1) . Putnam and nearby counties also had some of the highest I. scapularis prevalence and intensity measurements, perhaps a partial outcome of long-established tick populations. Our Þndings demonstrate that I. scapularis as well as D. albipictus continue to expand their geographic range in the north central United States. We anticipate that population genetic studies using polymorphic genetic markers will shed some light on the geographic origin of I. scapularis in Illinois and in the region.
